Introduction 50
Lek mating behavior is a very rare mating strategy among the more than 1200 known 51 species of bats [1] . In the early 1970s it was the strong suspicion of lek behavior that led to Dr. 52 Jack Bradbury's interest in Hypsignathus monstrosus, or the hammer-headed bat, and he 53 conducted the first detailed observational, acoustic, growth-rate, and radio-tracking movement 54 study of H. monstrosus at a research station near Makoko, Gabon [2] . He concluded the 55 population there used a classical lek mating system, as defined by a narrow set of distinguishing 56 characteristics, as well as other traits commonly found among lekking species. In brief the 57 'classical' criteria of a lek species included, "(1) no male parental care, (2) an arena to which 58 females come and on which most of the mating occurs, (3) the display sites of males contain no 59 significant resources required by females except the males themselves, and (4) the female has an 60 opportunity to select a mate once she visits the arena" [3] . Curiously, in West Africa this same 61 species is reported to use a harem-based reproductive strategy suggesting the potential for intra-62 species behavioral plasticity (Dr. Dina Dechmann personal communication). 63
In Central Africa, the visitation of demographically mixed H. monstrosus at cacophonous 64 lekking sites is an opportunity to reliably sample large numbers of individuals. Importantly, this 65 species was epidemiologically linked to a human outbreak of Ebola virus (Luebo, Democratic 66
Republic of Congo) [4] and has had repeated positive detections for Zaire ebolavirus antibodies 67 and RNA [4] [5] [6] [7] . An inhabitant of Central and West Africa, its geographical distribution overlaps 68 with previous Ebola virus outbreaks within Africa [8] . Such aggregations of bats, at breeding or 69 feeding sites, and their movements in between are important targets for epidemiological study as 70 they may be key in determining spillover risk by increasing contact rates among individuals. For 71 example, a biannual birth pulse with concurrent changes in immune response would introduce 72 many susceptible individuals into a population and create a spillover pathway [9, 10] . 73
There is one study that reported visual observations of a month-long seasonal migratory 74 movement of H. monstrosus from the Congo river upstream to the Lulua river in the Democratic 75
Republic of Congo (DRC) [4], but little else is known about where these bats go and when. 76
Beyond aggregations, movement data is critical to monitor animal responses to environmental 77 change and to understand bat-human interfaces. In Australia, movement data helped reveal 78 foraging shifts of flying-foxes from native (in decline) to non-native plants that may be bringing 79 bats into closer contact with horses and human populations [11] . Furthermore, a few studies have 80 suggested correlative associations between logging of fruit bat habitat and Ebola virus disease 81 outbreaks, however, the findings to date remain inconclusive due to data limitations [12] [13] [14] [15] . 82
Here we present an analysis of hammer-headed bat movement in northern Republic of 83
Congo from two pilot studies. The purpose of the pilots was to begin elucidating the movement 84 ecology of a population of hammer-headed bats already the focus of a longitudinal virological 85 study that began in 2011. That study includes monthly tree phenology observations that began in 86 2016 and local daily rainfall and temperature data collections since 2015. The distinctive 87 honking sounds made by the congregations of males and the amount of bat activity during the 88 initial and subsequent missions led us to believe the site is a lek [2] . And upon listening to calls 89 recorded and digitized by the Macaulay Library, we recognized that we often hear the 'staccato 90 buzz' performances, which Dr. Bradbury observed to occur when a female passes within meters 91 of a male, for example, Hypsignathus monstrosus (ML170632). We began with an affordable 92 VHF radio-tracking study that helped inform the selection of a base station methodology that we 93 then used for the GPS-based second pilot. With data collections completed, here we describe our 94 findings and revisit Dr. Bradbury's definition of a lekking species to support or reject our initial 95 hypothesis of the site as lek. As pilot efforts our sample sizes are low but our findings begin to 96 reveal some insights on the unique lek-associated movement ecology of male and female 97 hammer-headed bats and present future opportunities to characterize bat-human spillover 98 interfaces. We also aim to help inform and improve future movement ecology studies focused on 99 this species. 100
Material and methods

101
Radio-tracking deployment December 2017 102 We conducted a preliminary tracking effort in December 2017, using basic VHF trackers 103 (Holohil BD-2, 0.75 g). Following capture and sample collection, 10 bats (4 adult males, 4 adult 104 females, and 2 juvenile females) were hand restrained and 100% ethyl isocyanoacrylate glue, 105 which cured within minutes, was used to attach the trackers. Hair was layered over to improve 106 the attachment. Nine of the bats were released and monitored for 10 days and one adult male was 107 monitored for nine days. 108
GPS unit deployment April 2018 109
In April 2018, we tagged 11 bats with Bird Solar 15 g units (E-obs Digital Telemetry) 110 programmed to collect a burst of five GPS points every 30 minutes and accelerometry 111 measurements every 10 min on three axes in the evening between approximately 18h00 West 112 Africa Time (WAT, local time) and 06h00 WAT. A subset of the heaviest male and female bats 113 were tagged beginning on April 12 and ending April 21. 114
The Bird Solar 15 g units were attached to a pre-made 'capes' cut from soft and pliable 115 six ounce mouse grey fabric (Dimension Polyant Fabrics -X-Pac™ VX21) to fit neck 116 circumferences of 100-125 mm in ~5 mm increments (Fig 1) . A 3/8" plastic side-releasable 117 buckle was attached to the cape with Seam Grip (Gear Aid™) and cured 24 hrs in a clamp. 118
Fabric areas that received Seam Grip were pre-treated with 99% alcohol and abrasion to remove 119 the fabric's durable water-repellent finish that could reduce bond strength. On site with hand 120 restraint, capes were custom-fit to each individual, allowing enough room for a handler to insert 121 a finger between the collar and neck but small enough to attempt to prevent the collar from 122 slipping over the head and ears. Once fit, the cape was removed and the bat was placed in a cloth 123 bag. The unit was glued to the cape with a mix of UV Aquaseal and Cotol-240™ (to accelerate 124 curing to time to ~2 hours) along with clamping. After curing the unit was labeled with a 125 recovery phone number and then reattached to the bat with the buckle. Total cape and unit mass 126 was 18 g. 127 The cage (flexible poultry netting covered partially with leaves) permitted short distance flight 131 and was enriched with large leaves for cover, roosting branches, as well as food and water ad 132 libitum. Care was taken to avoid disturbing bats in the cage and behavioral observations were 133 made from a distance. Bats were initially clearly stressed by the cage and flew repeatedly into 134 the mesh walls of the cage, apparently unaware it was there, until they established a roost on the 135 cage roof. Beyond the cage stress, we observed no adverse impacts of the collar on behaviors in 136 the initial eight bats that were collared and three bats that were included as controls. As no 137 adverse collar issues were noted and substantial cage stress was observed we opted to release the 138 last three bats without any cage observation period. proportion of GPS locations that were within 1 km of the lek (0.91358˚N, 15.59132˚W) as a 157 measure of site visitation. Only nights with more than 10 GPS locations were used for 158 calculations of nightly distance traveled, which excluded 13 bat nights. 159
To visualize bat movement between 12 April and 31 May, we created a movie using the 160 R package moveVis (S1 File). The utilization distribution of each bat was mapped using a classic 161 kernel density estimation (KDE) for each bat with vertices set to 80% and 95% location 162 were detected at the lek for nine consecutive days (including day roosting at the site) and the two 172 other males were detected there for one or three consecutive days (no day roosting). Only one 173 female, an adult, was detected at the lek four nights after she was initially tagged. The day after 174 release, this same female and a juvenile female were detected day-roosting 100 m west of 175 Libonga village, located ~1.6 km southwest from the lek (Fig 2) . The same juvenile was found at 176 that same day-roost for eight consecutive days. We determined that the tag VHF signal was 177 detectable through the forest at distances up to 800 m. Further tracking efforts 3 km northeast 178 and 3 km southwest along Route N2 were unsuccessful. The lack of easily navigable paths 179 beyond the main road and the detection rates at the lek and village motivated us to pilot a GPS 180 tracking unit with remote download, more suited to identify precise feeding and movement 181 strategies of these bats. Our lek was a more central feature of the movements and utilization distributions of male 201 bats compared to the female bats (Fig 2) . The lek location was within the 80% KDE of night 202 location probability for all four males whereas only the female's 95% KDE of night location 203 probability included the site (S1 Fig, S1 Table) . The female's average displacement from the lek 204 was 5504 m (range 379 m -7789 m) and was significantly greater than locations for all males 205 combined, at 1442 m (range 80 m -5470 m; two-sample t(1633) = 60.3; p = 2.2e-16). For the 206 males, 51% of their fixes were located within 1 km of the lek compared to only 2.2% of the 207 female's fixes (Chi-squared = 603.4; df = 1; p-value < 2.2e-16). Overall, the female's mean daily 208 distance traveled was 10636 m (range 3363 m -17560 m) and was significantly greater than the 209 mean daily distance traveled by all males combined, at 6088 m (range 1097 m -18254 m; two-210 sample t(71) = 5.1, p = 0.000003). 211
On average these hammer-headed fruit bats showed fidelity to certain day-roost sites 212 within a few hundred meters (Fig 3) . They also typically reached their furthest distance from the 213 day-roost site between midnight and 2h00 (S2 Fig). Home range size varied between 185 and 214 1010 ha based on 95% KDE (S1 Table) . albeit much less frequently, by female bats. We found 51% of fixes for all males combined and 255 2.2% of the fixes for the female were within 1 km of the site and the latter's 80% KDE showed 256 no overlap with the site. Hence, we infer the lek does not contain 'significant resources required 257 by females except the males themselves' [2]. While we are not yet able to visualize nightly bat 258 activity in the canopy at the site, the regularly audible sound of 'staccato buzzes', which has been 259 correlated with copulation, supports a conclusion that adult females are coming to our site for 260 mating purposes [2] . Worth noting, the site is not exclusive to nonpregnant females as the 261 majority of adult females captured for the virological study are pregnant. In addition, juveniles 262 and subadults of both sexes are commonly sampled (authors' unpublished data). We conjecture 263 the lek visitations by non-reproductive individuals are associated with learning and social 264
behaviors. 265
In general, movement patterns matched the magnitude of those observed by Bradbury's 266 radio-tracking study [2] . His population had 'local' day-to-day shifts on the order of 34-74 m, 267 longer distance roost-shifts on the order of 5 km, and nightly flights up to 10 km. There is a 268 previous report of hammer-headed bat migration at the southern extent of their range occurring 269 in April and May [4, 19] . Our study, located in the core of their range did not detect migratory 270 behavior, but the male tracking only covered a maximum of 18 days and the female had 271 reporting gaps of 42 and 53 days between April 2018 and February 2019. 272
Even though our unit performance was similar to other studies, interpretation of our 273 findings should carefully consider our study limitations [20]. The tracking system relies on a 274 receiver station to download data from the tags, and one station is fixed at the lek itself, so the 275 majority of data collection is biased against bats that visit the lek frequently. We attempted to 276 mitigate this bias by daily monitoring the female day roost identified during the VHF pilot, and 277 by making a much delayed trek out to her day roost site in mid-February. We suspect our 278 inability to detect the other females may have been due to their less frequent visits to the lek site 279 and wider dispersal than males as well as collar loss (as we observed with two males). These data 280 are consistent with recapture data at this site in which females are recaptured less frequently than 281 males and with larger gaps between recaptures, suggesting that females are transient visitors to 282 the lek site (Dr. Vincent Munster, personal communication). Based on the VHF data we had 283 anticipated that a proportion of the females would be roosting near Libonga village. However, 284
we were not logistically able to regularly visit sites off the main road and so a visit to the day 285 roosting site of the female (COG0287) was delayed until February 2019. The GPS units were 286 conservatively programmed to run 3-4 weeks but we were rather surprised to find the solar 287 recharge on a nocturnal species roosting in the upper tree canopy was sufficient for a unit to log a 288 location after 305 days. 289
Our findings will help future GPS-based movement ecology studies be better equipped 290 and prepared to maximize their data collections for different research questions and tracking 291 methodologies. This can help mitigate the already often high transaction costs of conducting 292 research in remote corners of Africa. For example, we can now make more appropriate staffing 293 and logistical plans for future deployments to visit the location of each bat's regular day roost 294 site. In addition, species-specific programming can improve and extend the performance of GPS 295 units [20] , and so we have subset the female's tracking data to model how programming for 296 fewer fixes (which would allow longer deployments) each night would influence her home range 297 calculations. We are optimistic that the recent advancements in tracking technology, e.g. the 298 ICARUS Initiative or Motus, combined with the growing number of bat movement studies can 299 help support their conservation and protect human health. 
